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ABSTRACT 
This honors thesis investigated the confonnational changes in cytochrome c when 
it is adsorbed to silica nanoparticle surfaces before denaturant as well as when it is 
exposed to denaturant and then allowed to adsorb to silica nanoparticles. 
The electrostatic adsorption of cytochrome c to a silica nanoparticle surface has 
been studied using spectroscopy. The silica nanoparticle surface is negatively charged 
and therefore acts as a biological membrane surface in a cell, which allows the protein to 
be studied in a setting similar to its native one. Absorbance values obtained from 
spectroscopy were used to study the folding and unfolding characteristics of cytochrome 
c under several different conditions. Characterization of the protein was possible due to 
the Soret band absorption of the heme. 
Studies were perfonned using two different methods, with two different protein 
concentrations for each method. One of the methods was characterized by addition of 
denaturant to sample solutions which contained both cytochrome c and silica 
nanoparticles, which meant that the protein was already adsorbed onto the silica 
nanoparticle surfaces when denaturant was added. This method will be subsequently 
described as "Nano Before." The second method was characterized by addition of 
denaturant to sample solutions containing cytochrome c but no silica nanoparticles. 
Therefore, the protein was denatured before exposure to nanoparticles for the second 
method. This method will subsequently be described as "Nano After." Studies were 
perfonned with both methods using two different concentrations of cytochrome c, 20 flM 
and l)lM. 
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These studies were compared to show the effects of surface adsorption on the 
confonnation of cytochrome c. There were studies done using pH as a denaturant as well 
as n-propanol. Results from pH studies utilizing the Nano Before method indicate that 20 
~M and 1 ~M HCC had similar absorbance values and that the cytochrome c unfolds 
faster at 1 ~M than at 20 ~M. Results from the Nano Before method n-propanol studies 
indicate that 20 ~M HCC had higher absorbance values than 1 ~M, but not much higher 
until about 55% n-propanol and at 20 ~M, the cytochrome c stayed close to native 
confonnation. However, at 1 ~M HCC showed protein unfolding. Results from the 
Nano After method pH studies indicate that 20 11M HCC had higher absorbance values 
than the 1 ~M HCC and that 20 11M and 1 ~M HCC had similar Soret locations but 
neither showed much unfolding. 
When Nano Before and Nano After Soret band absorbance results are compared 
for 20 I1-M cytochrome c, the Nano After method generally shows higher values, 
especially at pH values from 6 to 10. When the Soret location results for 20 I1-M and both 
methods are compared, the Nano Before method shows much more unfolding mainly 
because the Nano After method did not work for pH levels below 4.7. However, at pH 
4.7 and 5, the Nano After method shows more unfolding than at pH 4 and 5, respectively, 
for the Nano Before method. 
When the absorbance values at 1 ~M cytochrome c are compared for the Nano 
Before and Nano After methods, the values are generally similar. The absorbance values 
for both methods are in some cases very close to each other (pH 6 and 8), but most of the 
values show some scatter. When the Soret location results for the same concentration 
and both methods are compared, the Nano Before method shows much more unfolding 
3 
since the Nano After method could not be analyzed below pH 4.7 due to protein 
precipitation. These results also indicate that there is almost as much of a red shift for the 
Nano After data from pH 7 to 10 as there is a blue shift indicating slight unfolding at pH 
4.7 and 5. 
4 
CHAPTERl
 
INTRODUCTION
 
1.1. Cytochrome c Structure and Function 
Proteins are essential to the structure and function of all living cells. They are 
made up of amino acids, which consist of a carbon atom attached to an amine group, a 
carboxyl group, a hydrogen, and a side chain specific to each particular amino acid. The 
side chains differentiate each amino acid from the others, forming a total of 20 different 
naturally occurring amino acids. These amino acid "building blocks" are connected by 
peptide bonds to form the primary structure for proteins. Peptide bonds occur between 
amine and carboxyl groups of adjacent amino acids. Through interaction between side 
chains as well as the environment, these chains also help to shape the three-dimensional 
structure of a specific protein. 
Proteins can be grouped into countless categories by their structure, function, and 
other criteria. Cytochrome c is grouped into a class of proteins called cytochromes. 
Cytochromes are generally membrane-bound proteins that contain heme groups and carry 
out electron transport. l The heme group is a prosthetic group that consists of an iron 
atom contained in the center of a large heterocyclic organic ring called a porphyrin. l 
Horse heart cytochrome c, the particular protein used in this thesis, consists of a single 
polypeptide chain of 104 amino acid residues and its heme prosthetic group, which is 
attached to the polypeptide chain of the protein through two bonds involving sulphydryl 
groups of cysteine residues. Figure 1.1 shows the solution ribbon structure of HCC, 
which illustrates the coordination of the heme.2 
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Interactions between the amino acid residues of the polypeptide chain form 
patterns of hydrogen bonds between the main-chain peptide groups to form the secondary 
structure of proteins, or regular polypeptide backbone folding patterns. The most 
common folding patterns are helices, pleated sheets, and turns. The interactions of horse 
heart cytochrome e's residues cause the secondary structure of the protein to consist 
primarily of five helices. l The folding of these helices, along with the spatial dispositions 
of the side chains, forms the globular tertiary (or three-dimensional) structure of 
cytochrome e, along with the hydrophilic exterior and hydrophobic interior of the 
. 3protem. 
Cytochrome e is located in the intermembrane space of mitochondria in living 
cells. l It is an essential part of the electron transport chain (ETC), which produces ATP, 
the main energy currency of living organisms. The ETC works by creating a proton 
gradient and cytochrome e has an important role in the formation of this gradient; to 
transfer electrons between Complexes III and IV of the ETC, which reside on the 
intermitochondrial membrane surface. Electron transport by cytochrome e is 
accomplished through the iron in the heme of the protein, because iron is capable of 
undergoing oxidation and reduction.4, 5 
It is widely believed that cytochrome e would be most efficient at carrying out its 
duty of transferring electrons between Complexes III and IV when moving in two 
dimensions. This reasoning seems logical because the complexes are located on the 
intermitochondrial membrane surface, meaning that cytochrome e would most likely be 
attached to the surface while it moves between the complexes. However, most studies 
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that have been performed to date on cytochrome c have been done with the protein 
floating freely in solution (or in three dimensions). These studies are therefore not 
consistent with the biological environment of the protein in cells, especially because 
cellular membrane surfaces may affect the conformation of an electrostatically adsorbed 
protein. Cytochrome c is presumably electrostatically adsorbed because the protein has 
an overall positive charge and the inner mitochondrial membrane has an overall 
negatively charged surface. Often if a protein is electrostatically adsorbed to a surface, 
its conformation changes at least slightly. Therefore, if the surface does affect the 
conformation of cytochrome c, the biological activity of that protein would also be 
affected. Since the protein is most likely adsorbed to a surface, which probably changes 
its biological activity, it is more relevant to perform research on cytochrome c while it is 
attached to a surface. Additionally, if cytochrome c behaves differently on the surface of 
a cell membrane, or a cell membrane mimic, than it does in solution, other proteins may 
operate similarly. 
1.2. Use of Silica Nanoparticles to Investigate Conformational Changes in Horse 
Heart Cytochrome c 
The cutting edge research technique of studying proteins while they are attached 
to nanoscale materials is becoming more common with the greater availability of 
inorganic nanoparticles. A nanoparticle is a microscopic particle whose size is measured 
in nanometers (nm). It is defined as a particle with at least one dimension less than 100 
nm. 6 Nanopartic1e research is currently an area of intense scientific research, due to a 
wide variety of potential applications in biomedical, optical, and electronic fields. 7 
7 
Recent studies have shown that proteins, including cytochrome c, adsorb strongly to Si02 
nanoparticles. 8 Nanoparticles also have a very high surface area to volume ratio, which 
means that relatively small amounts of nanopartic1es can adsorb large amounts of 
protein.? This research has allowed further insight into the true conformation of 
cytochrome C in its biological setting because studies can be performed on the protein 
while it is attached to the nanoparticle surface. However, nanopartic1e size has an effect 
on the conformation of protein. Since cytochrome c is a small protein, nanopartic1es with 
average diameters less than 100 nm have been utilized in experiments with this protein. 
At diameters above this size, the protein would spread out and lay more flat on the 
surface than it would in a biological setting, due to stronger protein-particle interactions.7 
1.3. Conformational Changes in Protein 
When a protein is in its biologically native state, it is completely folded. 
However, when proteins are exposed to conditions other than their native ones, 
denaturation can occur. Denaturation is characterized by unfolding of the protein back 
toward its primary structure of a chain of amino acids, and therefore involves the 
disruption and possible destruction of both the secondary and tertiary structures. l 
Secondary structure is the specific geometric shape caused by intramolecular and 
intermolecular hydrogen bonding of amide groups of the polypeptide backbone into 
helices, pleated sheets, and turns. Tertiary structure is the final specific geometric shape 
that a protein assumes, determined by a variety of bonding interactions between the 
secondary structural elements as well as the side chains on the amino acids, which may 
cause a number of folds, bends, and loops in the protein chain. Therefore, denaturation 
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disrupts the normal bends, folds, alpha helices, and beta sheets in a protein and uncoils it 
into a random shape. Since denaturation reactions are not strong enough to break the 
peptide bonds, the primary structure (sequence of amino acids) remains the same after a 
denaturation process. 
As previously stated, denaturation occurs because the bonding interactions 
responsible for the secondary structure and tertiary structure are disrupted. Therefore, 
there are particular substances which are good protein denaturants. In tertiary structure 
alone there are four types of bonding interactions between amino acid side chains; 
hydrogen bonding, salt bridges, disulfide bonds, and non-polar hydrophobic interactions. 
Therefore, a variety of reagents and conditions can cause disruption of these interactions, 
but some of the most widely used in studies are pH, alcohol, and temperature. Alcohol 
exposure and pH both have a synergistic effect upon the unfolding of cytochrome c, such 
that a small change in just one of these variables can have a profound effect on the 
conformation of the protein.9 This thesis investigates the ability of pH and n-propanol to 
denature cytochrome c while it is adsorbed to silica nanoparticle surfaces. It also 
investigates how exposure of the protein to the denaturants before the nanoparticle 
surfaces affects the conformation of the protein which adsorbs to the surfaces. 
Alcohol, which is a chemical denaturant, is such a strong denaturant that it can be 
used to penetrate bacterial cell walls and denature the proteins and enzymes inside of the 
cell. This substance denatures proteins by disrupting the side chain intramolecular 
hydrogen bonding. Alcohol has the ability to penetrate the protein and is thought to 
disrupt the hydrophobic interactions between amino acids in the core of the protein, 
causing the protein to lose its native conformation. lo It works by interfering with the 
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natural hydrogen bonds between side chains and fonning new ones between the alcohol 
molecule and the side chains instead. For this reason, alcohols with longer hydrophobic 
carbon chains are more efficient in denaturing proteins compared to alcohols that have a 
smaller degree of hydrophobicity. 
Changes in pH also denature proteins because amino acids, and therefore proteins, 
are composed of weakly acidic and basic groups. This composition renders their 
structural integrity very sensitive to even small pH fluctuations because at a certain pH a 
protein may be positively charged, and a small increase in pH could cause the protein to 
lose a proton and become neutral. The interaction which causes denaturation is mainly 
between the positive ammonium group and a negative acid group. Therefore, a change in 
pH could cause a protein which is electrostatically adsorbed to a surface at physiological 
pH levels to dissociate, I I Any combination of various acidic or amine amino acid side 
chains will have this effect. As might be expected, acids and bases also disrupt salt 
bridges between protein chains which are held together by ionic charges. A type of 
double replacement reaction occurs where the positive and negative ions in the salt 
change partners with the positive and negative ions in the new acid or base added. 12 
Confonnational studies perfonned on proteins with the use of denaturants are 
very useful, especially for the protein cytochrome c. Since the protein is attached to a 
surface, the confonnation of the protein is different than it is in solution to begin with. 
Also, since a protein's confonnation is controlled by its environment, pH and n-propanol 
both have an effect on confonnational changes in the protein. Therefore, If these 
variables are controlled, it may is possible to have a better understanding of the unfolding 
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of cytochrome c attached to surfaces within the inteffilembrane space of the 
mitochondria, which is an acidic environment. 
1.4. Spectroscopy of Cytochrome c; Monitoring Conformational Changes 
There are numerous techniques for monitoring conformational changes in 
proteins. One such method involves absorbance spectroscopy. Since cytochrome c 
contains a heme, which absorbs light, there is a peak in absorbance called the Soret band 
in absorbance spectra of the protein. When cytochrome c is in its native state, the Soret 
band is at a maximum at a wavelength of about 409 nm.1 However, when solution 
conditions are altered by denaturants, the wavelength of the Soret band maximum also 
changes, undergoing a blue shift, or shift to the left, to as low as 396 nmY Therefore, the 
extent to which the protein is denatured can be discerned based on the wavelength of the 
Soret band. In order to determine this wavelength, absorbance spectra were taken of the 
protein while it is adsorbed to silica nanoparticles. 
By comparing the conformational changes of surface membrane proteins with 
those in solution, the effects of a surface on protein confoffilation have become evident. 
Research performed on proteins while they are attached to surfaces has shown that these 
proteins behave differently while attached to a surface than they do while they are 
floating freely in solution. 
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1.5. Advantages to the Use of Silica Nanoparticles to Study Conformational Changes 
of Cytochrome c 
Research has been done not only with silica nanoparticles, but also with the use of 
a fused silica prism surface. This surface is also negatively charged and imitates a 
biological membrane surface to account for the true cellular environment. Such research 
has also been used to study the changes in the conformational structure, or protein 
folding/unfolding, of cytochrome c. This research has shown that surface does affect the 
folding of cytochrome C. 14, 15 
Although such research has also shown that surface does affect confonnation of 
cytochrome c, it does have certain limitations. One such limitation involves the 
folding/unfolding characteristics of cytochrome c. Studies involving the fused silica 
prism surface have indicated that the Soret band, or indicator of the folded/unfolded state 
of the heme, is located at about 409 nanometers under the protein's native conditions. 
However, studies involving denaturation (unfolding) of cytochrome" c have shown that 
there is a sort of "renaturation" that occurs when the protein is adsorbed to the silica 
surface. Solution studies show the Soret band at about 400 nanometers in a 60% alcohol 
solution, which indicates denaturation of the protein. Spectra from studies using the 
fused prism surface under the same conditions show the Soret band at about 406 
nanometers, which indicates that when cytochrome c is electrostatically adsorbed to a 
surface it does not unfold to the same extent as it does when in solution. 16 
Another limitation to studies perfonned using the fused silica prism surface is that 
the signal to noise ratio is very high on these spectra, and the signals are very low. For 
studies done with the prism surface, as many as 17 scans are taken at one time. The 
12 
points from these spectra are then averaged (every 2 or 3 spectra) and plotted. Then, a 
smoothing algorithm must be applied to the data. 17 With the use of silica nanoparticles, 
there is much less noise in spectra. A maximum of 3 scans are taken for each sample. 
The spectra are plotted and/or averaged and plotted to determine average absorbance 
values for each sample. Also, most of the signals obtained from nanoparticle spectra are 
more than tenfold higher than signals taken from the silica prism surface, because the 
protein concentration can be increased by adding more nanopartic1es. Since the signals 
are so much higher, the data is more reliable and reproducible with nanopartic1e 
experiments. 
An additional advantage to silica nanopartic1es is that since the negatively 
charged silica nanoparticle surface is transportable, unlike the fused silica prism surface, 
more control can be exercised over experimental conditions. For example, in my studies 
the protein can first attach to a surface and then be exposed to the denaturant or can be 
exposed to denaturant before exposure to nanopartic1e surfaces. Therefore, research 
performed using silica nanoparticles can be used to corroborate findings from the prism 
studies, as well as delve further into areas that the fused silica surface studies cannot. 
1.6. Methods for Study of Cytochrome c on Silica Nanoparticle Surfaces 
There are two fundamentally different methods used in this thesis to examine 
conformational changes of cytochrome c on a silica nanoparticle surface, as well as two 
different denaturants. The first method, referred to as Nano Before, involves making all 
sample solutions, containing cytochrome c, buffer, Dr water, and silica nanoparticles, at 
pH 7 for the pH study. Washing buffer solutions are made at several different pH levels, 
and different samples are exposed to a certain pH. For the propanol study, the sample 
solutions are all made at pH 4.0, and washing buffers are made at different n-propanol 
concentrations from 0% to 60%. The samples are exposed to buffers of certain n­
propanol concentration. 
The second method, referred to as Nano After, involves making sample solutions 
containing cytochrome c, buffer at differing pH levels, and Dr water. After these 
solutions have been allowed to sit overnight, silica nanoparticles are added to the sample 
solutions. The sample solutions with particles are again allowed to sit overnight before 
the washing procedure is applied to them using buffer solution at the same pH in which 
the proteins began the experiment. 
The differences in the methods allow insight into confonnational changes of 
cytochrome c on a surface when it has been exposed to denaturant under two different 
sets of circumstances. This thesis investigates the effect of the order which protein is 
exposed to denaturant and nanoparticles on the confonnation of the surface proteins. 
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Figure 1.1
 
Solution NMR Structure of Horse Heart Cytochrome c
 
Figure 1.1. Solution NMR structure of oxidized HCC. The iron center of the heme is in 
orange. 
15 
CHAPTER 2 
EXPERIMENTAL 
Standard laboratory techniques were utilized when conducting the pH 
denaturation and the alcohol denaturation studies. The general methodologies for 
solution preparation, spectroscopic data collection, and analysis of the data are described 
as follows. 
2.1. General Methodologies 
Solution Preparation. In order to prepare sample solution sets for the studies at 
different pH and alcohol levels, a stock solution of horse heart cytochrome c (BCC) was 
needed. The amount of HCC used to make the stock was calculated based on the 
parameters of the particular study and the target concentration of the stock solution 
(typically within the range of 0.7 to 0.9 mM). The BCC was dissolved in approximately 
9 mL of deionized (D!) water, and then injected into two 3-12 mL capacity Slide-A­
Lyzer@ 10K 10,000 MWCO dialysis cassettes. The cassettes were dialyzed overnight, each 
in one liter of refrigerated DI-water. The dialysis water was usually replaced once before 
the stock was collected from the cassettes. A 100 fold dilution was performed so that the 
absorbance of the solution would fall within the detection range of the 
spectrophotometer, and the concentration ofthe stock was determined through a Beer's 
Law analysis of spectroscopic absorbance measurements at 409 run using an extinction 
coefficient of 1.06 x 105 M,lcm,l. 
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Due to the desired conditions of the pH and alcohol denaturation studies (both in 
the pH range of2.5-9), two buffers were used. Phosphoric acid/phosphate (pKal = 2.2, 
pKa1 = 7.2) was used in the 1-4 and 7-10 pH range, and succinic acid/succinate (pKa = 
4.19) was used in the 4-6 pH range. Ten fold excess (100 mM) stock buffer solutions 
were prepared by diluting 1.380 g of monobasic sodium phosophate or 1.181 g of 
succinic acid with Dr-water to a final volume of 100 mL. The pH of the stock buffer 
solutions was then adjusted to 7.2 for the phosphate buffer and 4.7 for the succinate 
buffer with the use of dilute hydrochloric acid and sodium hydroxide solutions. 
Sterilization of the stock buffer solutions was necessary in order to avoid 
microbial contamination of the sample solutions. A different Fisher brand 0.45 ilL filter 
tip was pre-cleaned prior to the sterilization of each stock buffer solution using the 
following procedure. The filter tip was rinsed through attachment to a syringe, pushing 
through 150 mL of Dr-water followed by 100 mL of acidic water (pH - 2.0) and an 
additional 150 mL of Dr-water. Each stock buffer solution was pushed through this 
cleaned filter tip, with the first 5 mL of each filtered buffer solution being discarded 
before storage of the stock solutions in plastic vials. The sample solutions were prepared 
using a standard procedure for each method. 
2.2. Nanoparticles Added to Protein Solution Before Denaturants 
("Nano Before") 
The part of the study where nanopartic1es were added to the protein solution before 
denaturants will be referred to as ''Nano Before" (See Figure 2.1., first row). 
a. Sample Preparation for Alcohol Study 
The first step of this procedure was to make a stock of nanoparticles (15 DIn, 
Sigma-Aldrich) at a concentration of 10 mglmL in 10 mM Succinate Buffer. This stock 
was diluted tenfold to make 10 total nanoparticle stocks with a concentration of 1 mglmL 
buffer each. Then, a different centrifuge tube was used to make each sample, which 
consisted of a total sample volume of 1 mL. The components of each sample were 
succinate buffer (pH 4.7), de-ionized water, protein, and nanoparticle solution. The 
sample was incubated for about 10 hours (overnight), and then the wash procedure was 
done (wash procedure described in section c). In order to do the wash procedure (or add 
denaturant to the samples), lO mL buffer solutions were made which contained specific 
amounts alcohol at pH 4.7. These solutions were made using 1 mL of 100 mM succinate 
buffer, alcohol, and DI water. The succinate buffer was added first to a 10 mL graduated 
cylinder on a magnetic plate with a stirbar to ensure pH accuracy. Then, the appropriate 
amount of alcohol was added to create a solution with the desired percentage alcohol of 
total solution. DI water was then used to dilute the mixture and the pH was adjusted to 
4.7 using NaOH and Hel solutions. When the desired pH had been achieved, more DI 
water was added to make 10 mL of total buffer solution. For the alcohol study, thirteen 
buffer solutions were made with specific percentages of alcohol (starting with 0% and 
increasing by 5% for each solution up to 60%). The pH and concentrations of silica 
nanoparticles, cytochrome c, and buffer were held constant between solutions. 
b. Sample Preparation for pH Study 
The first step of this procedure was to make two stocks of nanoparticles, one at a 
concentration of 10 mglmL in 10 mM phosphate buffer, and one at a concentration of lO 
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mglmL in 10 mM succinate buffer. These stocks were diluted tenfold to make 10 
nanoparticle stocks each, with concentrations of 1 mglmL buffer. Then, a different 
centrifuge tube was used to create each sample, which consisted of a total sample volume 
of 1 mL. The components of each sample were phosphate buffer (for pH values of2.5­
3.5 and 5-9) or succinate buffer (for pH values of3.75-4.75), de-ionized water, protein, 
and nanoparticle solution. The samples were incubated for about 10 hours (overnight), 
and then the wash procedure was done (wash procedure described in section c). In order 
to do the wash procedure (or add denaturant to the samples), 10 mL buffer solutions were 
made at specific pH values from 2.5-9. These solutions were made using 1 mL of 100 
mM phosphate buffer for pH 2.5-3.5 and 5-9 or I mL of 100 mM succinate buffer for pH 
3.75-4.75, and DI water. The phosphate or succinate buffer was added first to a 10 mL 
graduated cylinder on a magnetic plate with a stirbar to ensure pH accuracy. Then, about 
8 mL ofDI water was used to dilute the buffer solution, and the pH was adjusted to the 
desired level using NaOH and Hel solutions. When the desired pH had been achieved, 
more DI water was added to make 10 mL of total buffer solution. For the pH study, 
twelve buffer solutions were made at specific pH levels (2.5-11). The concentrations of 
silica nanoparticles, cytochrome c, and buffer were held constant between solutions. 
c. Wash Procedure for "Nano Before" Preparation 
The percent alcohol and pH levels of the samples were changed through a 
centrifuge/wash procedure (See Figure 2.1., second row). The nanoparticles with protein 
already attached (which had been incubated for at least 10 hours) were centrifuged with a 
Quick Spin 18 microcentrifuge. After at least five minutes when the nanoparticles had 
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collected in a pellet at the bottom of the centrifuge tube, the supernatant was removed and 
discarded. 1 mL of a specified percent alcohol or pH buffer solution was put onto the 
pellet and the sample tube was labeled. The samples were then shaken by Fisher™ 
Vortex Genie 2 in order to resuspend the nanoparticles in the solution. The samples were 
again centrifuged, solution removed, and resuspended. This wash procedure was done a 
total of three times for each sample to ensure that the percent alcohol or pH level in 
solution was at the desired level. 
2.3. Nanoparticles Added to Protein Solution After Denaturants 
("Nano After") 
The part of the study where nanoparticles were added to the protein solution after 
denaturants is referred to as "Nano After" (See Figure 2.2., rows 1 and 2). 
a. Sample Preparation for Alcohol Study 
The first step of this procedure was to make a stock ofnanoparticles at a 
concentration of 10 mg/mL in 10 ffil\1 succinate buffer. This stock was diluted tenfold to 
make 10 total nanopartic1e stocks with a concentration of 1 mg/mL buffer each. Then, 10 
mL buffer solutions were made which contained specific amounts alcohol at pH 4.7. 
These solutions were made using 1 mL of 100 mM succinate buffer, alcohol, and DI 
water. The succinate buffer was added first to a 10 mL graduated cylinder on a magnetic 
plate with a stirbar to ensure pH accuracy. Then, the appropriate amount of alcohol was 
added to create a solution with the desired percentage alcohol of total solution. DI water 
was then used to dilute the mixture and the pH was adjusted to 4.7 using NaOH and Hel 
solutions. When the desired pH had been achieved, more DI water was added to make 10 
mL of total buffer solution. For the alcohol study, thirteen buffer solutions were made 
with specific percentages of alcohol (starting with 0% and increasing by 5% for each 
solution up to 60%). For the "Nano After" procedure, a different centrifuge tube was 
used to mix protein (constant amount throughout the study) with 0.5 mL of buffer 
solution containing a specific percentage of alcohol. This protein/denaturant solution was 
allowed to incubate for at least 10 hours (overnight), then nanopartic1es and de-ionized 
water were added to the solution to create samples with total volumes of 1 mL each. 
These samples were incubated for about 10 hours (overnight), and then the wash 
procedure was done (wash procedure described below in section c). In order to do the 
wash procedure (or add denaturant to the samples), more 10 mL buffer solutions were 
made which contained specific amounts alcohol at pH 4.7. These solutions were made 
using the same procedure described above, creating thirteen buffer solutions with specific 
percentages of alcohol (starting with 0% and increasing by 5% for each solution to 60%). 
The pH and concentrations of silica nanopartic1es, cytochrome C, and buffer were held 
constant between solutions. 
b. Sample Preparation for pH Study 
The first step of this procedure was to make two stocks ofnanopartic1es, one at a 
concentration of 10 mglmL in 10 roM phosphate buffer, and one at a concentration of 10 
mglmL in 10 roM succinate buffer. These stocks were diluted tenfold to make 10 
nanopartic1e stocks each, with concentrations of 1 mglmL buffer. Then, 10 mL buffer 
solutions were made at specific pH values from 2.5-9. These solutions were made using 
1 mL of 100 roM phosphate buffer for pH 2.5-3.5 and 5-9 or 1 mL of 100 roM succinate 
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buffer for pH 3.75-4.75, and Dr water. The phosphate or succinate buffer was added first 
to a 10 mL graduated cylinder on a magnetic plate with a stirbar to ensure pH accuracy. 
Then, about 8 mL ofDI water was used to dilute the buffer solution, and the pH was 
adjusted to the desired level using NaOH and Hel solutions. When the desired pH had 
been achieved, more DI water was added to make 10 mL of total buffer solution. For the 
pH study, twelve buffer solutions were made at specific pH levels (2.5-11). After these 
solutions had been prepared, a constant amount of protein was added to a centrifuge tube 
along with 0.5 mL of pH buffer solution. This protein/denaturant solution was allowed to 
incubate for at least 10 hours (overnight), then nanoparticles and de-ionized water were 
added to the solution to create samples with total volumes of 1 mL each. These samples 
were incubated for about 10 hours (overnight), and then the wash procedure was done 
(wash procedure described below in section c). In order to do the wash procedure (or add 
denaturant to the samples), more 10 mL buffer solutions were made which were at the 
desired pH. These solutions were made using the same procedure described above, 
creating twelve buffer solutions with specific pH values in the range 2.5-11. The 
concentrations of silica nanoparticles, cytochrome c, and buffer were held constant 
between solutions. 
c. Wash Procedure for "Nano After" Preparation 
For this procedure, the percent alcohol and pH levels of the samples did not need 
to be changed because the protein was exposed to the denaturants from the beginning. 
However, in order to observe the effects of the denaturants on adsorption of the protein to 
silica nanopartic1es, the same wash procedure as the one for the "Nano Before" method 
was performed (See Figure 2.2., row 3). The sample was centrifuged with a Quick Spin 
18 microcentrifuge so that the nanoparticles were spun into a pellet at the bottom of the 
centrifuge tube. Then, the supernatant was removed and discarded. 1 mL of the same 
percent alcohol or pH solution was put into the centrifuge tube with the pellet, and the 
tube was shaken by Fisher™ Vortex Genie 2 to resuspend the nanoparticles in the 
solution. This wash procedure was done three times to ensure that the percent alcohol or 
pH level in solution was correct. 
2.4. Spectroscopic Characterization of Data 
Absorbance spectroscopy of cytochrome c in solution was performed using a 
Cary 50 UV absorbance spectrometer. A wash study was performed before scans of 
samples were taken in order to determine if the signal obtained from the samples actually 
was entirely from protein adsorbed to the nanopartic1es. In this wash study, samples were 
made and scans were taken initially of the entire sample solution. Then, the samples 
were centrifuged and scans were taken of the supernatant alone in order to determine the 
absorbance of the protein in solution (not attached to nanoparticles). The supernatant was 
then discarded and new buffer at a particular pH or percentage n-propanol was added to 
the sample tube and the tube was vortexed. Scans of the entire solution were again taken, 
then the sample was centrifuged and scans were again taken of the supernatant alone. 
This wash procedure was continued until the supernatant signal showed that there was no 
longer a peak in absorbance. Also, when scans were subsequently taken for sample 
solutions, supernatant scans were performed. If the supernatant scan showed a peak in 
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absorbance, the value was subtracted from the absorbance peak value for the sample scan 
of the entire solution. 
Absorbance scans were taken for each sample solution in the range of 250-700 
run in order to compare the conformations of the cytochrome c. The peak of interest on 
these scans was the Soret band, which in native conformation shows up at 409 run. 
Therefore, the scans were used to analyze cytochrome c which had been electrostatically 
attached to the silica nanopartic1e surface before being exposed to various alcohol and pH 
levels, as well as cytochrome c which had been exposed to various pH levels before 
exposure and adsorption to silica nanoparticles. Shifts in the wavelength value at which 
the Soret band is observed indicate unfolding of the protein. 
Before absorbance scans of each sample solution were taken, background scans 
were performed. These background scans contained DI water, alcohol or pH solution, 
and nanopartic1es, but no protein. Because silica nanopartic1es scatter light, even the 
background scan did not prevent the baseline from being sloped and therefore skewing 
the height of the peak. Therefore, the program Origin™ was used to subtract a baseline 
from under the peak. This subtraction gave a more accurate value for the heights of each 
of the peaks. An example of this subtraction is shown in Figures 2.3 and 2.4. 
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Figure 2.1. Scheme showing preparation procedure for "Nano Before" method. 
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Figure 2.2. Scheme showing preparation procedure for "Nano After" method. 
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Figure 2.3 
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Figure 2.3. An example spectra of absorbance data before the program Origin1M 
is used to subtract a straight line from beneath the Soret band. 
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Figure 2.4 
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Figure 2.4. The same spectra from Figure 2.3 after the program Origin™ has been used 
to subtract a straight line from beneath the Soret band. 
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CHAPTER 3 
RESULTS 
This section includes the results from the pH denaturation study for both the Nano 
Before and Nano After methods at concentrations of20 ~M and 1 ~M cytochrome c, as 
well as the results from the alcohol denaturation study for the Nano Before method only 
at 20 ~M and 1 ~M cytochrome c. The entire collection of spectroscopic data gathered 
and analyzed for this presentation is not presented in this section, rather only the data 
which emphasizes critical points. 
3.1. Data Analysis to Determine Specific Methodological Parameters 
In order to determine the number ofwashes necessary to be confident that the 
information gathered from spectra showed only protein adsorbed to nanoparticles and not 
protein in solution, wash studies were performed for both the Nano Before and Nano 
After methods at both 20 ~M and 1 ~M cytochrome c concentrations. Figures 3.1-3.4 
show spectra after each wash was performed on one sample. Scans were taken before the 
wash procedure began, as well as after each wash. Two sets of scans were taken each 
time, one of the entire mixture with suspended nanoparticles and protein, and one ofjust 
the supernatant after the nanoparticles had been centrifuged to the bottom of the 
centrifuge tube and the supernatant had been removed. The results of the wash studies 
performed for both methods and both concentrations were very similar, so just one 
example was used to illustrate these results. As Figure 3.1 shows, after the first wash the 
absorbance of the sample with nanoparticles and ofjust the supernatant are almost the 
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same (the lines overlap a great deal). After the first wash, there is some protein in the 
supernatant, and after the second wash there is still a small amount ofprotein in the 
supernatant (Figures 3.2 and 3.3). Figure 3.4 shows that after the third wash, there is an 
almost immeasurable amount of protein left in the supernatant. 
3.2. pH Study Analysis 
The effect of pH on the adsorption of cytochrome c to the silica nanopartic1e 
surface was determined through the measurement of absorbance spectra. Samples were 
created at a range ofpH levels from 2.5 to 11 using the Nano Before method, and a range 
of 4.0 to 11 using the Nano After method. Two complete data sets were analyzed for 
each method, one at a cytochrome c concentration of20 /lM, and one at a concentration 
of I !1M. In order to obtain an accurate absorbance value, the program Origin™ was 
used to subtract a line which made the bottom of the absorbance peak equal to zero (as 
shown in Figures 2.3-2.4). This program was also used to determine the wavelength of 
the Soret peak. 
a. Nano Before Method 
Data in Figures 3.5-3.8 show the results of the pH dependent Nano Before 
experiment. This method was used for two different cytochrome c concentrations, 20 IlM 
and 1 IlM. In Figure 3.5, the maximum absorbance of Soret data at 20 IlM cytochrome c 
is plotted. This data shows that the highest absorbance of protein under the specified 
conditions was at pH 7, which is the pH at which the samples were all originally made. 
The absorbances from pH 2.5 to 6 increase as the pH increases, but there is a large jump 
in absorbance from pH 6 to pH 7 (~0.04 to ~0.075). At pH values greater than 7 the 
absorbances of the Soret band decrease with increasing pH. The data obtained at pH 11 
is not shown for any of the studies because the isoelectric point of cytochrome c is at pH 
10.6, and therefore the protein is no longer electrostatically adsorbed to the nanoparticle 
surfaces. 
Figure 3.6 shows the wavelength at which the Soret band is at a maximum for 20 
IlM cytochrome c under the experimentally determined conditions. Since the Soret band 
is normally located at 409 nm for native cytochrome c, there is a line at this wavelength 
shown on the plot for reference. At pH levels 2.5 to around 4, the wavelength at which 
the Soret band is located is lower than normal, indicating that the band has undergone a 
blue shift, or a shift to smaller wavelength values. These shifts indicate that there is 
unfolding of the protein as the pH level decreases. In the middle of the pH range, at 
values of about 5 to 9, the Soret band is located at wavelengths which indicate the protein 
is in native conformation. However, at pH 10, the protein seems to have unfolded 
because the Soret band has again undergone a blue shift. 
In Figure 3.7, the maximum absorbance of the Soret band is plotted for 1 IlM 
cytochrome c at pH levels between 3 and 10. At this concentration, the absorbance 
results are very low at low pH levels. The three absorbance values between pH 3 and 4 
are similar to each other but lower than the value at pH 3. Also, the absorbance at pH 4.5 
is lower than the absorbance at pH 4. The results from the low end of the pH scale do not 
have a definite correlation between pH and absorbance value. The highest absorbance 
value occurs at pH 7 for this study. At pH levels higher than 7, there also seems to be no 
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correlation between pH and absorbance value. At pH 10 there is almost no protein left on 
the nanoparticles according to this figure. 
The results of the Soret band maximum wavelength data for 1 ~M cytochrome c 
are displayed in Figure 3.8. Since the Soret band is normally located at 409 nm for native 
cytochrome c, there is a line at this wavelength shown on the plot for reference. In the 
pH 3 to 5 range, the Soret band has undergone a blue shift. This shift indicates that in 
this range the protein adsorbed to the nanoparticles is unfolding. At pH 6 to about 9, the 
Soret band data indicates that the protein is in native conformation. At pH 10, the data 
shows that the protein has again begun to unfold. 
b. Nano After Method 
Figures 3.9-3.12 display the results of the pH dependent Nano After study. For 
this method, two sets of samples were made, at concentrations ofboth 20 ~ and 1 ~M 
cytochrome c. Figure 3.9 shows absorbance data at the Soret band peak for 20 ~M 
cytochrome c. A dotted line has been put on the plot at pH 4.7 to indicate the point 
below which precipitation of the protein occurred. The absorbance values on this plot 
show a general upward trend as pH increases from 4.7 to 10. The maximum absorbance 
value of about 0.14 occurs at pH 10. 
In Figure 3.10, the wavelength at which the Soret band is at a maximum is plotted 
for 20 ~M cytochrome c. The dotted line indicates the wavelength (~409 nm) of native 
cytochrome c. According to this plot, unfolding occurs only at the extreme of pH for this 
experiment (4.7) because the point for this pH value indicates a small blue shift in the 
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Soret band. The wavelengths at which the Soret band is at a maximum for pH 5 to 10 are 
all at or very near native conformation. 
Figure 3.11 shows the absorbance results for 1 ~M cytochrome c. The absorbance 
values on this plot show a general upward trend in the pH range from 4.7-8, except for 
the point at pH 5. This point is lower than the point at pH 4.7. The highest absorbance is 
at pH 8, with a value of about 0.048. At pH levels greater than 8 (9 and 10), the 
absorbance decreases. The next plot, Figure 3.9, displays Soret band peak wavelength 
data for 1 ~ cytochrome c. The point at pH 4.7 indicates there is little unfolding at this 
pH, if any. However, at pH 5 it appears that the protein has begun to unfold. In the range 
from pH 6 to pH 10 there also does not appear to be any unfolding of the protein. 
In Figure 3.12, the results for the Soret band maximum location are plotted. The 
data indicates that there is not much unfolding of cytochrome c at any of the pH levels 
except one. At pH 5 the data shows some unfolding, but only to 406 nm. However, at 
the lowest pH for this graph (4.7) the wavelength has shifted higher, which indicates that 
the protein is once again in near native conformation. 
3.3. n-Propanol Study Analysis 
The results from the propanol study are displayed in Figures 3.13-3.16. This 
study was only done for the Nano Before method because it was performed at a pH of 
4.0, which is below the pH at which the proteins precipitate from solution for the Nano 
After method. This pH was chosen because of results of past alcohol studies done by 
colleagues at Butler University. Figure 3.13 shows the results for the absorbance of 20 
~M cytochrome c at variable alcohol percentages. The absorbance values obtained are 
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largely similar until 55% and 60% propanol. At these percentages the absorbances are 
much higher than at any other alcohol percentage. 
Figure 3.14 shows the wavelength of the Soret band peak for each propanol 
percentage at a concentration of20 J.!M cytochrome c. There does appear to be a blue 
shift in the Soret band maximum wavelength at percent alcohol values above 10%. The 
greatest shift occurs at 35% alcohol. At percentages above 35, the results indicate 
refolding of the protein, except for 50% alcohol. The data at this percentage indicates 
that the protein is in largely native conformation, then unfolds more at 55% and re-folds 
again at 60%. 
Figure 3.15 shows the absorbance at the Soret peak results for 1 J.!M cytochrome 
c. The highest absorbance occurs at 0% alcohol, which is expected. As the percentage of 
alcohol in solution increases, the absorbance value largely decreases until about 35% 
alcohol. Above this percentage, the absorbances show a small increase in value, until 
50% alcohol. 
Figure 3.16 shows the wavelength of the Soret band peak for each alcohol 
percentage at 1 J.!M cytochrome c. These results indicate there is a blue shift in the Soret 
band at 0% alcohol, which means that the protein is unfolding at 0% due to the pH 
conditions (pH 4.0). In the percent alcohol range of 5% to 15% the results indicate the 
protein is in native conformation. Then, it seems there is unfolding in the 20% to 30% 
alcohol range but refolding at 35 % alcohol. From 40% to 60% alcohol the results 
indicate that the protein is unfolding. The maximum unfolding occurs at 55% and 60% 
alcohol, as expected due to the denaturing properties of alcohol. 
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Figure 3.1. Soret band maximum absorption of 1 IJM cytochrome c in 10 mM 
Phosphate Buffer and at pH=7.2. These scans were taken before the wash 
procedure was performed. The entire sample (with 0.25 mg nanoparticles) has 
the same absorbance as the supernatant does alone. (The lines are almost 
directly on top of one another.) 
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Figure 3.2
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Figure 3.2. Soret band maximum absorption of 1 I-lM cytochrome c in 10 mM 
Phosphate Buffer and pH=7.2. These scans were taken after the first wash had 
been performed on the sample solution. The entire sample (with 0.25 mg 
nanoparticles) has a peak that is much different from the peak due to 
supernatant alone. 
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Figure 3.3
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Figure 3.3. Soret band maximum absorption of 1 IJM cytochrome c in 10 mM 
Phosphate Buffer and pH=7.2. These scans were taken after the second wash 
had been performed on the sample solution. 
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Figure 3.4
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Figure 3.4. Soret band maximum absorption of 1 ~M cytochrome c in 10 mM 
Phosphate Buffer and pH=7.2. These scans were taken after the third wash had 
been performed on the sample solution. 
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Figure 3.5
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Figure 3.5. Soret band maximum absorbance at variable pH levels for 20 ~M 
cytochrome c in 0.25 mg silica nanoparticles and 10 mM buffer. For pH 3.75-5, 
10mM succinate buffer was used; 10mM phosphate buffer was used for the rest 
of the samples. Three samples were averaged to obtain the data points. 
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Figure 3.6
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Figure 3.6. Wavelength at which the Soret band is at a maximum at variable pH 
levels for 20 ~M cytochrome c in 0.25 mg silica nanoparticles and 10 mM buffer. 
For pH 3.75-5, 10mM succinate buffer was used; 10mM phosphate buffer was 
used for the rest of the samples. Three samples were averaged to obtain each 
data point. The dotted line indicates 409 nm, the wavelength at which 
cytochrome c is in its native conformation. 
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Figure 3.7
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Figure 3.7. Soret band maximum absorbance at variable pH for 1 ~M 
cytochrome c in 0.25 mg silica nanoparticles and 10 mM buffer. For pH 3.75-5, 
1OmM succinate buffer was used; 10mM phosphate buffer was used for the rest 
of the samples. Three samples were averaged to obtain each of the data points. 
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Figure 3.8
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Figure 3.8. Wavelength at which the Soret band is at a maximum at variable pH 
for 1 !-1M cytochrome c in 0.25 mg silica nanoparticles and 10 mM buffer. For pH 
3.75-5, 10mM succinate buffer was used; 10mM phosphate buffer was used for 
the rest of the samples. Three samples were averaged to obtain the data. The 
dotted line indicates 409 nm, the wavelength at which cytochrome c is in its 
native conformation. 
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Figure 3.9
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Figure 3.9. Soret band maximum absorbance at variable pH for 20 ~M 
cytochrome c in 0.25 mg silica nanoparticles and 10 mM buffer. For pH 3.75-5, 
10mM succinate buffer was used; 10mM phosphate buffer was used for the rest 
of the samples. Three samples were averaged to obtain the data for each point. 
The vertical dotted line indicates pH 4.7 because below this pH, cytochrome c 
precipitated out of solution when this method (Nano After) was employed. 
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Figure 3.10
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Figure 3.10. Wavelength at which the Soret band is at a maximum at variable 
pH for 20 IJM cytochrome c in 0.25 mg silica nanoparticles and 10 mM buffer. 
For pH 3.75-5, 10mM succinate buffer was used; 10mM phosphate buffer was 
used for the rest of the samples. Three samples were averaged to obtain the 
data for each point. The dotted line indicates 409 nm, the wavelength at which 
cytochrome c is in its native conformation. 
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Figure 3.11
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Figure 3.11. Soret band maximum absorbance at variable pH for 1 lJM 
cytochrome c in 0.25 mg silica nanoparticles and 10 mM buffer. For pH 3.75­
5, 10mM succinate buffer was used; 10mM phosphate buffer was used for the 
rest of the samples. Three samples were averaged to obtain the data for 
each point. The vertical dotted line indicates pH 4.7 because below this pH, 
cytochrome c precipitated out of solution when this method (Nano After) was 
employed. 
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Figure 3.12
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Figure 3.12. Wavelength at which the Soret band is at a maximum at variable 
pH for 1 IJM cytochrome c in 0.25 mg silica nanoparticles and 10 mM buffer. For 
pH 3.75-5, 10mM succinate buffer was used; 10mM phosphate buffer was used 
for the rest of the samples. Three samples were averaged to obtain the data for 
each point. The dotted line indicates 409 nm, the wavelength at which 
cytochrome c is in its native conformation. 
• • 
• • 
• • • • 
• 
46 
Figure 3.13 
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Figure 3.13. Soret band maximum absorbance at variable percentage alcohol 
for 20 IJM cytochrome c in 0.25 mg silica nanoparticles and 10 mM succinate 
buffer, pH=4.0. Three samples were averaged to obtain the data for each point. 
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Figure 3.14
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Figure 3.14. Wavelength at which the Soret band is at a maximum at variable 
percentage alcohol for 20 ~M cytochrome c in 0.25 mg silica nanoparticles and 
10 mM succinate buffer. Three samples were averaged to obtain the data for 
each point. The dotted line indicates 409 nm, the wavelength at which 
cytochrome c is in its native conformation. 
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Figure 3.15
 
1 IJ M HCC Soret Band Absorbance
 
Nano Before
 
0.014 
1 
0012 r 
0.01 j 0008 j 
~ 0.006 ~ 
.c 
« 
OOM 1 
0.002 
o j 
0 
• 
• 
10 
• 
20 
• • 
30 
• 
• • 
40 
• 
50 
• 
• 
60 70 
% n-propanol 
Figure 3.15. Soret band maximum absorbance at variable pH for 1 ~M 
cytochrome c in 0.25 mg silica nanoparticles and 10 mM succinate buffer. Three 
samples were averaged to obtain the data for each point. 
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Figure 3.16
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Figure 3.16. Wavelength at which the Soret band is at a maximum at variable 
percentage alcohol for 1 I-JM cytochrome c in 0.25 mg silica nanoparticles and 10 
mM succinate buffer. Three samples were averaged to obtain the data for each 
point. The dotted line indicates 409 nm, the wavelength at which cytochrome cis 
in its native conformation. 
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Table 3.1 
Wash Study Data 
Absorbance of entire 
sample (with 
nanopartic1es) 
Absorbance of 
supernatant alone 
Ratioa 
Before washing 0.0544 0.0544 1:1 
After Wash 1 0.0436 0.00328 13:1 
After Wash 2 0.0373 0.00275 13.5: 1 
After Wash 3 0.0332 3.88E-04 85.5:1 
a=(entire absorbance/absorbance of supernatant alone) 
Table 3.1. Soret band maximum absorption of 1 ~M cytochrome c in 10 mM 
Phosphate Buffer and pH=7.2. These scans were taken after the third wash had 
been performed on the sample solution. 
CHAPTER 4 
DISCUSSION 
The purpose of this thesis has been to investigate the effect of the order which 
protein is exposed to denaturant and nanoparticles on the conformation of the surface­
adsorbed protein. Conformational changes in the protein were observed using 
absorbance spectroscopy. The experimental work was performed through two 
fundamentally different methods, called Nano Before and Nano After, and two 
concentrations of the protein were used for each method. The results from each method 
and each concentration are analyzed below. 
4.1. Wash Study Analysis 
A wash study was performed in order to determine the number ofwashes 
necessary to ensure that as much ofthe unbound and loosely bound protein was taken out 
of the sample solution as possible (See Figures 2.1 and 2.2 for washing procedure 
details). As Figure 3.1 shows, the spectra for the supernatant alone contained a peak at 
the same absorbance as the spectra for the entire sample (with 0.25 mg nanoparticles) 
before washing. After the first wash, the absorbance peaks for the entire sample and for 
the supernatant alone are much different (see Figure 3.2). The absorbances are noted in 
Table 3.1, and the ratio between the peaks after the first wash is about 13 to 1. As Figure 
3.3 shows, after the second wash had been performed the difference between the 
absorbance peak for the entire sample and the absorbance peak for supernatant alone was 
even greater. By this point in the washing procedure, much of the unbound or loosely 
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bound protein had been washed away from the nanoparticles and discarded. This 
statement is corroborated by the absorbance peak data in Table 3.1, which shows a ratio 
between the peaks of 13.5 to 1. After the third wash had been perfonned, there was very 
little protein left in the supernatant, as seen in Figure 3.4. The supernatant scan does not 
show a peak in absorbance, which indicates that almost all of the cytochrome c is 
adsorbed to the silica nanoparticles. The ratio between the peaks after the third wash is 
about 85.5 to 1, which indicates that almost all ofthe protein is adsorbed to the 
nanoparticles after this wash. Therefore, three washes were detennined to be sufficient to 
remove all but trace amounts of supernatant protein, and was the amount perfonned in 
both of the experimental procedures. It is important to note, however, that supernatant 
scans were still taken of each sample and that those absorbance values were subtracted 
from the overall absorbance to ensure that the only cytochrome c being analyzed was 
adsorbed to the silica nanoparticle surfaces. 
4.2. pH Studies Analysis 
Figures 4.1-4.8 show the results of the pH study experiments done with both the 
Nano Before and Nano After methods at cytochrome c concentrations of 20 J.lM and I 
J.lM. For both methods, surface absorbance was measured with the use of absorbance 
spectroscopy. Since the wash study showed that negligible amounts ofprotein molecules 
were left in solution, and the supernatant values were also subtracted out for each sample, 
analysis of the data is based on surface coverage of cytochrome c on the silica 
nanopartic1es. 
a. Nano Before Study Comparisons 
Figure 4.1 compares the results for both concentrations, 20 ~M and 1 ~M, from 
the Nano Before method. Unlike solution absorbance, which increases linearly with 
concentration in accordance with Beer's Law, surface absorbance reaches a maximum 
when all of the surfaces are saturated with protein molecules and all of the binding sites 
are occupied. Therefore, although it seems that the data for 20 ~M cytochrome c would 
have higher absorbance values than the 1 ~M the values are actually very similar. 
However, the 20 ~M surface concentration increases and decreases more incrementally 
than the 1 ~M concentration data, meaning that the 1 ~M data is more scattered as the pH 
changes while the 20 ~M data has more of a pattern to the changes in absorbance. Even 
though the absorbance for both concentrations peak at pH 7 due to the experimental 
setup, the 20 ~M absorbance value is higher than the 1 ~M value. Therefore, under 
neutral conditions the higher concentration has more protein which adsorbs to the silica 
nanoparticle surface. However, under denaturing conditions the values between the 
concentrations are much closer and which sample will have a higher absorbance is less 
predictable. 
Figure 4.2 shows the wavelengths at which the Soret band is at a maximum for 
the Nano Before data sets. Since the Soret band is located at 409 nm for native 
cytochrome c, there is a dotted line at this wavelength shown on the plot for reference. 
At lower pH levels, the data points for both concentrations of cytochrome c show that the 
Soret band has undergone a blue shift, which indicates that there is unfolding of the 
protein. Any blue shift noted in this discussion indicates unfolding of the protein. It is 
noticeable that at each of the pH values below 6, the lower concentration (1 ~) of 
protein shows more unfolding than the higher concentration (20 IlM) of protein. The blue 
shift is larger for 1 IlM cytochrome c at each pH until pH 3, when it seems to stop 
unfolding. The 20 IlM data does not show much unfolding until the pH is at 4 and keeps 
unfolding, while the 1 IlM data shows unfolding by a pH of 4.7 and seems to only unfold 
to a certain degree because the Soret peak is located at the same wavelength for pH 3.25 
and pH 3. The 1 IlM data does not go below pH 3 because there was not enough signal 
below this pH to obtain usable data. It seems from these results that initial protein 
concentration does affect the pH at which unfolding of the protein on the surface of the 
nanoparticles occurs. The data from the higher concentration of protein initially in 
solution (20 IlM) shows unfolding of protein at a lower pH than for the 1 IlM data, which 
indicates that the 20 IlM requires a more denaturing environment for unfolding to occur. 
In the pH range from 3.5 to 5, the 20 IlM data shows the same amount of unfolding as the 
1 IlM data an entire pH unit lower. One possible reason for these results is that 
cytochrome c adsorbs to the surface differently at different concentrations. For instance, 
the protein may be more crowded for the higher concentration, making it harder for 
denaturants to get to the individual proteins and cause unfolding. 
b. Nano After Study Comparisons 
Figures 4.3 and 4.4 display the results of the Nano After study for both 20 IlM and 
1 IlM cytochrome c. Figure 4.3 shows Soret absorbance data for both concentrations at 
each pH level. A dotted line has been put at pH 4.7 to indicate the point below which 
precipitation of the protein occurred. Comparison of the data from the two 
concentrations indicates that the 20 IlM absorbance data increases with increasing pH 
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from 4.7 to 10, while the 1 IlM data does not keep increasing as pH increases. This data 
shows that the absorbance value drops from pH 4.7 to 5, then increases until it peaks at 
pH 8 and drops with increasing pH. One interesting point about this figure is that it 
shows that the two concentrations reach their peak absorbances at different pH levels, 20 
IlM at pH 10 and 1 IlM at pH 8. However, the absorbance values at each pH for the 20 
IlM data are higher than the values for the 1 IlM data. When the results are compared 
from Figure 4.1 to Figure 4.3, it is clear that the method ofpreparation seems to have an 
effect on adsorption of the protein. The reason that the absorbance peaks at pH 7 for both 
concentrations for the Nano Before method is because all of the samples are prepared at 
pH 7, but for the Nano After method this bias is not a factor. Therefore, the Nano After 
method results show that the absorbances for each concentration (20 and 1 IlM), are at 
their highest at different pH levels than each other and the Nano Before data. 
Figure 4.4 shows Soret band maximum absorbance location data for the Nano 
After method at both concentrations. The 20 IlM data is more gradual and as pH 
decreases the wavelength of the Soret band also decreases. However, the 1 IlM data 
shows that at pH 4.7 the protein is closer to native conformation than pH 5, which shows 
some unfolding. Overall, there is not a large amount of unfolding shown for the Nano 
After method (data in Figure 4.4 only reaches 406 nm at their lowest). There is actually 
almost as much of a red shift in the Soret band (a shift to the right) as there is a blue shift. 
It is unclear what a red shift means unless the protein has become more tightly folded 
than it is in its native conformation, which seems unlikely under the experimental 
conditions. 
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c. Nano Before and Nano After Study Comparisons 
Figures 4.5-4.8 compare the results for absorbance and Soret location of the Nano 
Before and Nano After methods for 20 !lM and 1 !-!M cytochrome c. Figure 4.5 shows 
the absorbance values for both methods at a concentration of20 !lM cytochrome c. Since 
the Nano After data only goes down to pH 4.7, it is hard to compare the results between 
the two methods at lower pH levels. However, at pH levels from 7 to 10 the Nano After 
absorbance values are much higher than the ones for the Nano Before method. The 
absorbance reaches a maximum at pH 7 for the Nano Before method, which is logical due 
to the experimental conditions, but does not reach a maximum until pH 10 for the Nano 
After method. These results may indicate that in general more cytochrome c adsorbs to 
the silica nanoparticles when the Nano After method is used (when the protein has been 
exposed to denaturant before nanoparticles). 
Figure 4.6 indicates the shift in Soret band location for each method for 20 JlM 
cytochrome c. Both methods show some unfolding, but unfortunately most of the 
unfolding happens at pH values which were under 4.7. Since pH levels below 4.7 for the 
Nano After method caused precipitation of the cytochrome c, results could not be 
compared below this value. However, it is noticeable that some unfolding does occur for 
the Nano After method, and that it happens in a short pH range (between 5 and 4.7). The 
Soret band locations for pH's above 4.7 are similar between the two methods, until pH 
10. At pH 10 for the Nano Before method the protein has begun to unfold while for the 
Nano After method the protein is still in native conformation. 
Figure 4.7 shows the absorbance values for both the Nano Before and Nano After 
methods at 1 !lM cytochrome c. The absorbances from both methods are generally 
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similar for each pH. However, the highest absorbance values occur at different pH's for 
each method. For the Nano Before method, the highest absorbance occurs at pH 7, 
probably due to experimental procedure, while for the Nano After method it occurs at pH 
8. However, the highest absorbance for either method occurs for the Nano Before at pH 
7. The Nano Before data for pH 8 is very similar to the Nano After results. At pH 10, 
much more protein is attached to the nanoparticles for the Nano After method than the 
Nano Before method. This trend was also observed for the 20 IlM data. The Nano After 
method shows higher amounts ofprotein adsorbed to nanoparticles at high pH values, but 
at low pH values the protein precipitates out of solution. 
Figure 4.8 compares the shift in the location of the Soret band peak for both the 
Nano Before and Nano After methods at 1 IlM cytochrome c. Again, since the Nano 
After data could not be obtained under pH 4.7, not much unfolding occurs for this 
method at low pH values. It is interesting that at pH 4.7 the Soret band is located at a 
wavelength close to native confonnation, while at pH 5 it indicates that the protein has 
begun to unfold. However, at pH 6 the band is again located at a wavelength considered 
to be native confonnation of the protein. These unusual results could be due to 
uncertainty in the measurements because below pH 4.7 the protein precipitated out of 
solution, and at pH 4.7 the results were inconsistent since the protein was on the verge of 
precipitation. The Nano Before results show gradual unfolding of the protein beginning 
with pH 5 and continuing down to pH 3. Above pH 5 the protein does not show 
unfolding for the Nano Before method. 
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4.3 Alcohol Study Analysis 
The surface absorbance as well as the Soret location was measured as a function 
of20 j.!M and 1 ~M HCC in 10 mM Succinate buffer at a pH of 4.0, and variable n­
propanol percentage. 
Figures 4.9 and 4.10 show the results for the alcohol study. Since this study was 
done at pH 4.0, only the Nano Before method yielded usable results because the 
cytochrome c precipitated out of solution below pH 4.7 for the Nano After method. In 
Figure 4.9, absorbance values for the Soret peak are compared for 20 ~M and 1 ~M 
cytochrome c. This data shows that the 20 ~M HCC had higher absorbance values for all 
alcohol percentages than the 1 ~M HCe. Also, at n-propanol percentages above 50 
percent the absorbance increased markedly for the 20 ~M HCe. This data is unusual 
because at high alcohol percentages it does not seem likely that greater amounts of 
protein would stay adsorbed to the nanoparticles than at lower percentages. However, 
when two extra sets of samples were made at each of these percentages of alcohol, the 
spectra showed similar absorbance values. The absorbances were very low for the 1 ~M 
HCC data, especially at alcohol percentages above 10%, which means that above this 
percentage much of the protein was not adsorbed to the nanoparticles but had been 
washed away. 
In Figure 4.10, the shift in the location of the Soret band results are compared for 
the two concentrations. The 20 j.!M HCC showed little unfolding, as indicated by the 
lack of shift in Soret location. At 0% alcohol the 1 ~M HCC data showed that there was 
some unfolding of the protein, but only to 405 nm. Under the same pH conditions for the 
Nano Before pH study (pH 4.0) of 1 ~M HCC, the Soret band was at 402 nm. However, 
since the samples were made at pH 4.0 to begin with for the propanol study, it seems 
likely that the protein would not unfold as much as if it had been exposed to the 
denaturing conditions after adsorption to the silica nanoparticles. The 1 ).LM HCC 
showed unfolding as the n-propanol percentage became higher but the results did not 
indicate gradual unfolding but sporadic folding and unfolding. For instance, there seems 
to be unfolding from 20% to 25%, but by 35% the Soret band is again located near the 
native conformation wavelength. Then, at 40% the data shows a blue shift to 404 nrn. At 
45% n-propanol there is less unfolding than at 40%, as indicated by the shift back 
towards native conformation (from 404 to 406 nrn). However, for 50,55, and 60% n­
propanol, the wavelengths of the Soret band maximum show that the protein is unfolding 
more as the percentage n-propanol in the samples increases. At 60%, the Soret band has 
shifted to 399 nrn, which is close to the maximum amount of unfolding seen on the 
surface (the maximum is about 396 nrn). 
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Figure 4.1 
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Figure 4.1. Soret band maximum absorbance at variable pH levels for 20 IJM 
and 1 IJM cytochrome c in 0.25 mg silica nanoparticles and 10 mM buffer. For 
pH 3.75-5, 10mM succinate buffer was used; 10mM phosphate buffer was used 
for the rest of the samples. Three samples were averaged to obtain each data 
point. 
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Figure 4.2 
20 ~M and 1~M Cyt. c Soret Location 
Nano Before 
412 
410 l:-----========== 
40 ;.....................
 It,E 8 1 • ---.------.- ------ ------------ ----:::-- -------- ' 
-S 406 j.	 •------1 
r.	1 uM I,s	404· • 
Q') 1.20 uMI 
~	 402 ­
Q) 
c 
••
••
• 
~	 400 -l 
398 ­ • 
396 ....
 
394 !~--r-I----------,--._._~_I
 
2 4 6 8 10pH 
Figure 4.2. Wavelength at which the Soret band is at a maximum at variable pH 
levels for 20 IJM and 1 IJM cytochrome c in 0.25 mg silica nanoparticles and 10 
mM buffer. For pH 3.75-5, 10mM succinate buffer was used; 10mM phosphate 
buffer was used for the rest of the samples. Three samples were averaged to 
obtain each data point. The dotted line indicates 409 nm, the wavelength at 
which cytochrome c is in its native conformation. 
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Figure 4.3. Soret band maximum absorbance at variable pH levels for 20 IJM 
and 1 IJM cytochrome c in 0.25 mg silica nanoparticles and 10 mM buffer. For 
pH 3.75-5, 10mM succinate buffer was used; 10mM phosphate buffer was used 
for the rest of the samples. Three samples were averaged to obtain each data 
point. The vertical dotted line indicates pH 4.7 because below this pH, 
cytochrome c precipitated out of solution when this method (Nano After) was 
employed. 
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Figure 4.4
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Figure 4.4. Wavelength at which the Soret band is at a maximum at variable pH 
levels for 20 IJM and 1 IJM cytochrome c in 0.25 mg silica nanoparticles and 10 
mM buffer. For pH 3.75-5, 10mM succinate buffer was used; 10mM phosphate 
buffer was used for the rest of the samples. Three samples were averaged to 
obtain each data point. The dotted line indicates 409 nm, the wavelength at 
which cytochrome c is in its native conformation. 
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Figure 4.5. Soret band maximum absorbance at variable pH levels for 20 ~M 
cytochrome c in 0.25 mg silica nanoparticles and 10 mM buffer. For pH 3.75-5, 
10mM succinate buffer was used; 10mM phosphate buffer was used for the rest 
of the samples. Three samples were averaged to obtain each data point. 
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Figure 4.6 
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Figure 4.6. Wavelength at which the Soret band is at a maximum at variable pH 
levels for 20 ~M cytochrome c in 0.25 mg silica nanoparticles and 10 mM buffer. 
For pH 3.75-5, 10mM succinate buffer was used; 10mM phosphate buffer was 
used for the rest of the samples. Three samples were averaged to obtain each 
data point. The dotted line indicates 409 nm, the wavelength at which 
cytochrome c is in its native conformation. 
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Figure 4.7
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Figure 4.7. Soret band maximum absorbance at variable pH levels for 1 ~M 
cytochrome c in 0.25 mg silica nanoparticles and 10 mM buffer. For pH 3.75-5, 
1OmM succinate buffer was used; 10mM phosphate buffer was used for the rest 
of the samples. Three samples were averaged to obtain each data point. 
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Figure 4.8 
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Figure 4.8. Wavelength at which the Soret band is at a maximum at variable pH 
levels for 1 IJM cytochrome c in 0.25 mg silica nanoparticles and 10 mM buffer. 
For pH 3.75-5, 10mM succinate buffer was used; 10mM phosphate buffer was 
used for the rest of the samples. Three samples were averaged to obtain each 
data point. The dotted line indicates 409 nm, the wavelength at which 
cytochrome c is in its native conformation. 
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Figure 4.9. Soret band maximum absorbance at variable percentage alcohol for 
20 IJM and 1 IJM cytochrome c in 0.25 mg silica nanoparticles and 10 mM 
succinate buffer, pH 4.0. Three samples were averaged to obtain the data for 
each point. 
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Figure 4.10. Wavelength at which the Soret band is at a maximum at variable 
percentage alcohol for 20 ~M and 1 ~M cytochrome c in 0.25 mg silica 
nanoparticles and 10 mM succinate buffer, pH 4.0. Three samples were 
averaged to obtain the data for each point. The dotted line indicates 409 nm, the 
wavelength at which cytochrome c is in its native conformation. 
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CHAPTERS
 
CONCLUSIONS
 
Cytochrome c, a peripheral membrane protein, can be characterized by Soret band 
adsorption of the heme. As the protein unfolds, the Soret band moves from a native 
conformation wavelength of 409 run to a fully unfolded conformation wavelength of 
about 396 run. By monitoring the wavelength and absorbance of the Soret band, 
information about the folding of cytochrome c can be gathered. 
For this thesis, two denaturants, pH changes and n-propanol were used to cause 
unfolding of the protein. Also, two methods were used to compare differences in protein 
conformation from the point in the experimental procedure at which the protein is 
exposed to denaturant and silica nanoparticles. This thesis has investigated the effects of 
denaturant exposure on conformational changes of cytochrome c which has been 
adsorbed to silica nanoparticle surfaces before addition of denaturant as well as after 
addition ofdenaturant. 
For the Nano Before method pH study, 20 ~M and 1 ~M samples had similar 
absorbance values. At the pH which all the samples were made, pH 7, 20 ~M had a 
higher absorbance, indicating that under native conditions there was more protein 
adsorbed for the higher concentration. The Soret locations showed unfolding for both 
concentrations, but the higher protein concentration samples unfolded more slowly as the 
pH decreased. The lower HCC concentration samples were more unfolded than the 20 
~M at each pH as the pH decreased. 
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For the Nano After method pH study, 20 JlM and 1 JlM samples had much 
different absorbance values. The 20 JlM had higher absorbance values at all pH levels 
than the I JlM. However, as the pH dropped below 6, the values were very similar 
between the !\vo concentrations, indicating that denaturing conditions caused both 
concentrations to have less protein electrostatically adsorbed to the silica nanoparticle 
surfaces. Also, 20 JlM seems to favor pH's be!\veen 8 and 10, while 1 JlM seems to favor 
pH's between 6 and 8. The Soret locations showed little unfolding for either 
concentration. Both concentrations also showed a red shift from pH 7 to 10. It is hard to 
discern what this shift means because it is very unusual. 
For the Nano Before method n-propanol study, the results indicate that 20 JlM 
HCC samples had higher absorbance values than 1 JlM, but not much higher until about 
55% n-propanol. Also, the Soret band location results indicate that 20 JlM HCC samples 
stayed close to native conformation, but the 1uM HCC showed protein unfolding. 
When the absorbance values for 20 flM cytochrome c for both methods are 
compared, the Nano After method generally shows higher values, especially at pH values 
from 6 to lO. When the Soret location results for the same concentration and both 
methods are compared, the Nano Before method shows much more unfolding mainly 
because the Nano After method did not work for pH levels below 4.7. However, at pH 
4.7 and 5, the Nano After method shows more unfolding than at pH 4 and 5, respectively, 
for the Nano Before method. Therefore, if the Nano After method did work at lower pH 
levels, it would probably show more unfolding as the levels became lower also. 
When the absorbance values for 1 JlM cytochrome c for both methods are 
compared, neither method shows definite correlation to higher absorbance values. The 
values for both methods are in some cases fairly close to each other (pH 6, 8), but most of 
the values are scattered. When the Soret location results for the same concentration and 
both methods are compared, the Nano Before method shows much more unfolding due to 
the same reason as the 20 JlM data did; the Nano After method could not be analyzed 
below pH 4.7 due to protein precipitation. These results also indicate that there is almost 
as much of a red shift for the Nano After data from pH 7 to 10 as there is a blue shift 
indicating slight unfolding at pH 4.7 and 5. Although the Nano After data is 
inconclusive, the Nano Before data shows a definite correlation between pH and blue 
shift of the Soret band. 
As mentioned in Chapter 1, silica nanoparticles are not the only surfaces used for 
study of cytochrome c. A fused silica prism surface has been used because it is 
negatively charged and also imitates a biological membrane surface to account for the 
true cellular environment of the protein. Although research performed using this prism 
surface has shown that surface does affect the folding of cytochrome c, there are 
limitations with the prism studies that can be overcome with the use of silica 
nanoparticles. Nanoparticles not only allow fewer spectra to be taken because of cleaner 
signals, but also have higher Soret band maximum values. The higher absorbance values 
are more reliable and reproducible than the very low values obtained from prism 
experiments. Another advantage to using nanoparticles is that they are transportable. 
This aspect ofnanoparticles allows researchers to have more control over their 
experimental conditions, and made this thesis possible. If denaturation experiments 
wanted to be performed on protein while it was adsorbed to the prism surface, it would 
have been impossible due to the experimental setup. Therefore, research performed using 
silica nanoparticles has been used as a comparison to findings from the prism studies, as 
well as delve further into areas impossible to reach with fused silica surface studies. 14 
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CHAPTER 6 
FUTURE DIRECTIONS 
One possible future direction of this project is use ofteclmiques other than 
absorbance spectroscopy. One technique which could be employed is circular dichroism. 
This method can be used to help determine the structure ofmacromolecules, including 
the secondary structure of proteins. Circular dichroism would produce another set of data 
which would provide information about the conformation of cytochrome c on the surface 
of the nanoparticles. It would allow quantization of the alpha helical content, or helicity, 
of the protein on the surface of the nanoparticles. Another teclmique which could be 
applied to this project is fluorescence spectroscopy. Although preliminary studies of 
fluorescence did not yield any usable data, this teclmique would be useful if the protein 
was unfolded enough that the fluorescence of the Tryptophan residue near the heme 
could be seen in spectra. 
Another possible direction is use of different denaturants such as urea and 
guanidine hydrochloride, especially for the Nano After method. If a different denaturant 
is used, it is a possibility that there could be some attachment of cytochrome c to the 
silica nanoparticle surfaces at pH levels below 4.7. Also, the denaturants could be used 
for comparison purposes in order to test if the same results for the both concentrations 
and both methods of the project could be duplicated with other denaturants. 
A third possible direction for the project is an attempt to quantify the amount of 
protein adsorbed to the surface. An adsorption isotherm was performed at several 
concentrations in the preliminary stages of this study, but no supernatant scans were 
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subtracted from the absorbance values. Therefore, if a new adsorption isotherm was 
performed with supernatant scans the results might show the maximum absorbance of the 
protein on 0.25 mg of silica nanoparticles. 
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